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es.2011.1Abstract Dielectric material CaCu3Ti4O12 (CCTO) was prepared by solid state technique. CaCO3,
TiO2, and CuO powders were mixed thoroughly in a ball mill for an hour and were calcined at
900 C for 12 h. This is followed by sintering at a deﬁned standard temperature for this work
(1050 C for 24 h). Other samples were prepared in a similar manner but with different sintering
durations. Each of the sample’s microstructure was observed by a Scanning Electron Microscope
(SEM). Meanwhile, Energy-dispersive X-ray Spectroscopy (EDX) analysis was done on fracture
surfaces in order to examine the elements present at grain boundaries. Microstructure observations
show the melting and abnormal grain growth with large pores. The solidiﬁed liquid at grain bound-
aries was veriﬁed as Cu rich region, as conﬁrmed by EDX analysis. By using the SEM, microstruc-
ture of small grains with clear grain boundaries were obtained when sintering was done at
temperatures lower than 1050 C. The microstructure of CCTO was very sensitive to sintering
parameters.
ª 2011 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
It is known that some perovskite-structured ceramic com-
pounds display interesting dielectric properties. One of the
members, which was named as CaCu3Ti4O12 (CCTO), was re-
cently studied to investigate the origin of the so-called colossal
permittivity, and results were published on single crystal, pow-99 5266; fax: +60 4594 1011.
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0.001ders and thin ﬁlm (Chiodelli et al., 2004). This insulating cubic
compound CCTO has attracted much interest because of its
high dielectric constant (up to 105) over a broad temperature
range extending from 100 to 600 K. Furthermore, cubic com-
pound CCTOs display a rather wide microwave frequency
window (Subramanian et al., 2000; Litvinchuk et al., 2003).
This unique property makes CCTO a promising material for
microelectronic applications.
However, the nature on how the CCTO exhibits such high
dielectric constant at 100 and 600 K is still not well understood
(Lin et al., 2002). Many researchers claimed that factors such
as grain boundary, presence of twin boundaries or other pla-
nar defects and displacement of Ti ions could be the reasons
behind those high dielectric constant properties (Litvinchuk
et al., 2003; Wu et al., 2005). More extensive research efforts
are needed in order to provide a comprehensive explanation
to the said phenomena.ier B.V. All rights reserved.
36 J.J. Mohamed et al.Thedielectric properties are very sensitive to processing, such
as the mixing, calcination shaping and sintering (Brize et al.,
2006). Different parameters in each steps will contribute
changes in CCTOproperties. In this project, the CCTOwas pre-
pared by solid state technique. This involvesmixing, calcination,
compaction and sintering. Many researchers are concentrating
on sintering process, because it is important to ﬁnd the right sin-
tering parameter such as the duration and temperature. The
proper sintering parameter ensures that small grain formation
(2–5 lm) with high dielectric constant will be obtained (Brize
et al., 2006; Prakash and Varma, 2007). This paper will also be
focusing on the sintering parameters. It was stated by some
researchers (Valim et al., 2004; Almeida et al., 2002; Kolev
et al., 2002) that sintering at 1050 C for 24 h in the normal
atmosphere will produce single phase of CCTO. However,
earlier studies on the fabrication of CCTO failed to include
microstructure observations. This paper highlights the micro-
structural observations obtained from this sintering parameter.
The results show that there were abnormal grain growth and
melting grain with very large pores. Therefore, it is important20 25 30 35 40
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Figure 1 The density results for CCTO sampto investigate the new sintering parameter to ensure the correct
microstructure with high dielectric constant property will be ob-
tained. Based on the above facts, a study on the effects of sinter-
ing conditions to microstructure is presented in this paper.2. Method and materials
CCTO samples were prepared by a conventional solid state
method. CaCO3 with mean particle size of 15.52 lm (Aldrich,
99%), TiO2 (0.68 lm) (Merck, 99%) and CuO (6.85 lm)
(Aldrich, 99%), respectively, were used as starting materials.
Stoichiometric ratios of the reagents (i.e., CaCO3, TiO2,
CuO: 1, 4, 3) were mechanically ball milled for 1 h, with a ball
to powder ratio of 10:1. The milling process was done in inert
atmosphere. A powder exhibiting free ﬂowing characteristics
was then obtained by sieving the dried milled powders. Subse-
quently, the powder was calcined in air at 900 C for 12 h.
Next, the powders are pressed at 300 MPa, to be made into
cylindrical specimens (with dimensions of 5 mm in diameter45 50 55 60
400
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Figure 3 The microstructure of the melt and abnormal grain
growth for sample sintered at 1050 C for 24 h (mag.: 1000·).
Inﬂuence of sintering parameters on melting CuO phase in CaCu3Ti4O12 37and thickness of approximately 0.5–1 mm). These pressed
specimens, or green pellets, were then sintered in air at
1050 C for 1, 3, 6, 12, 18 and 24 h soaking time. Bulk density
measurements were made using the Archimedes principle. The
microstructures (on the fracture surface of the sintered speci-
mens) were investigated using SEM (Zeiss SUPRA 35VP).(
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Figure 4 EDX analysis for the samEDX analysis was done to analyze the elements presence in
CCTO grains and its boundary.
3. Results and discussions
Fig. 1 shows the densities of the CCTO samples that were sin-
tered at various sintering durations. The graph shows that the
density increases with sintering duration, up to a maximum rel-
ative density of 93% after 6 h of sintering. Beyond this sinter-
ing time, the density was found to drop. The same trend also
was reported by previous researchers that have studied on
other electroceramic systems (Guo et al., 2004; Wang et al.,
2004; Zhang et al., 2004). Temperature, duration, heating rate
and atmosphere are the main factors to be considered to ob-
tain dense electroceramic materials (Wang et al., 2004).
Fig. 2 shows the XRD results for samples sintered at differ-
ent sintering durations. The diffraction shows the formation of
a single phase of CCTO (ICSD 01-075-2188) with peaks ob-
served when 2h angles are 29.2991, 34.0233, 38.3573,
42.0577, 45.6385, 49.0135, and 61.1392, respectively. The
same formation also was reported by Valim et al. (2004) and
Almeida et al. (2002).Ele
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38 J.J. Mohamed et al.SEM observations were done to scrutinize the microstruc-
ture of the sintered samples. We have tried to keep our exper-
imental parameters and conditions in similar to those reported
for the same parameters of CCTO preparation (Almeida et al.,
2002). Fig. 3 shows the fracture surface of the sample sintered
at 1050 C for 24 h. This ﬁgure shows the melt and abnormal
grain growth (100 lm), with large pores. There were also solid-
iﬁed liquid regions assembled at grain boundaries, which are of
brighter shade.
EDX analysis was done on the regions with brighter shades.
This is to detect the present elements and the result is shown in
Fig. 4. Bright zone (a) shows the existence of Ca, Cu, Ti and O
elements, all correspond to CCTO compounds. Meanwhile,
Cu and O elements were detected in the (b) region. This was
not identiﬁed by XRD, may be due to its amorphous state.
Since the grain was melted, the experiment was carried on
by sintering the CCTO samples at shorter times. Fig. 5 shows
the microstructures obtained from the samples sintered at
1050 C for different durations. The microstructures were sim-
ilar to what was obtained for CCTO sintered for 24 h. It dis-
plays the abnormal grain growth with large pores, instead of
melting phase wetting and assembling at grain boundaries re-
gion. When the soaking time was increased up to 18 h, theFigure 5 The microstructure observation for the samples swhole structure melts. There are obvious signs of grain growth
in the sintered specimens at longer times, implying a consider-
able increase in the amount of liquid phase. This phenomenon
may be caused by secondary recrystallization and possible
vaporization of Cu during a very long sintering time. Fritsh
et al. (2005) also reported that the huge grains observed for
the CCTO that contain copper oxide are also probably related
to the appearance of a liquid phase that wets the grain during
the sintering. Small amounts of copper oxide are believed to be
responsible for the abnormal grain growth.
From the microstructure viewpoint, the 6 h sintered sample
was seen to be the most dense. This corresponds to the mea-
sured density, obtained by the Archimedes principle. Since
the changes in sintering duration still cannot produce a ﬁne
and dense CCTO grain, the research was extended in order
to investigate the right sintering parameters that should be
used to get the desired CCTO grain. Finally, after several at-
tempts, results showed that the samples sintered at lower tem-
peratures and shorter times gave ﬁne and dense grain, without
solidiﬁed melting CuO phase at grain boundaries. Fig. 6 repre-
sents the microstructure observed from the sample sintered at
1040 C for 10 h. The micrograph shows that the grains were
squarish in shape with an average size of 1–3 lm.intered at 1050 C for different durations (mag.: 1000·).
Figure 6 The micrograph of sample sintered at 1040 C for 10 h
(mag.: 3000·).
Inﬂuence of sintering parameters on melting CuO phase in CaCu3Ti4O12 394. Conclusion
The CCTO single phase compound was successfully produced
by sintering the sample at 1050 C for 24 h (deﬁned standard
temperature of this work). Nonetheless, the microstructures
only showed abnormal grain growth and large pores reducing
sintering times alone did not change the grain formation. The
sintering should be done at lower temperatures (i.e., 1040 C),
plus reduced times (i.e., 10 h) in order to obtain a ﬁne and
dense grain, without solidiﬁed melting CuO. The sample sin-
tered at 1040 C for 10 h produces stacked grains of squarish
shape with the average size of 1–3 lm.Acknowledgements
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